A thermostable acetylxylan esterase gene, TTE0866, which catalyzes the deacetylation of cellulose acetate, was cloned from the genome of Caldanaerobacter subterraneus subsp. tengcongensis. The pH and temperature optima were 8.0 and 60 C. The esterase was inhibited by phenylmethylsulfonyl fluoride. A mixture of the esterase and cellulolytic enzymes efficiently degraded insoluble cellulose acetate with a higher degree of substitution.
It is made from cellulose, the most abundant renewable polysaccharide in nature. The hydrolysis products of cellulose and its derivatives are potential resources for bioalcohol, monomers of polyester, animal feed, and industrial fine chemical production.
2) For recycling, research on the mechanisms of the enzymatic degradation of cellulose and its derivatives without byproducts is important.
We isolated a bacterium capable of assimilating CA, Neisseria sicca SB, from soil. 3) We purified and characterized a CA esterase (EC 3.1.1.72) from N. sicca SB that catalyzes the deacetylation of CA, 4) and an endo-1,4--glucanase I (EG I, EC 3.2.1.4) 5) that hydrolyzes the -1,4 linkages in CA molecules. CA esterase showed significant activity as to acetyl saccharides, and it exhibited regioselectivity for the deacetylation of acetylglucoside. 6) Recently we described the cloning and expression of CA esterase and EG I genes from N. sicca SB. 7) We achieved synergistic degradation of CA particles by mixing CA esterase and EG I. 5) CA esterase and EG I are important for complete degradation of CA particles. Soluble CA, e.g., CA0.88, was rapidly degraded, and insoluble CA, e.g., CA1.77, was slowly degraded by CA esterase and EG I from N. sicca. But insoluble CA, with a higher degree of substitution (DS), e.g., CA2.45, was hardly degraded by these enzymes at 30 C.
We assumed that a higher temperature reaction is effective for degradation of CA with higher DS due to higher reactivity and changes in the structure of the CA molecule. In addition, when the enzymes are applied to industrial uses, they must be stable at high temperatures. Hence we screened the thermostable enzymes using genomic information on thermophilic microorganisms for stable reaction at high temperature. Acetylxylan esterase genes were screened from six strains of hyperthermophilic archaea, two strains of moderatethermophilic archaea, and three strains of thermophilic bacteria by homology with acetylxylan esterase. Caldanaerobacter subterraneus subsp. tengcongensis (a synonym for Thermoanaerobacter tengcongensis MB4) 8) is a thermophilic anaerobic bacterium, and the genome of C. subterraneus has been completely determined 9) and published online (http://www.genome.jp/kegg/catalog/ org list.html). From the genomic information of C. subterraneus, we were able to identify a putative acetylxylan esterase gene, TTE0866, that belongs to carbohydrate esterase family 4 of the CarbohydrateActive EnZymes (CAZy) database by similarity of amino acid sequence.
10) The amino acid sequence of the TTE0866 esterase showed sequence similarity with several putative polysaccharide deacetylases and xylanases/chitin deacetylases of Thermoanaerobacter and Thermoanaerobacterium strains, which show at 73% to 48% identity, but the functions of the homologous proteins have not yet been investigated. Hence we attempted to elucidate the functions and properties of TTE0866 esterase. Here we describe the cloning and expression in E. coli of a putative thermostable acetylxylan esterase gene from C. subterraneus, and characterize the recombinant TTE0866 acetylxylan esterase. A mixture of the esterase and cellulase efficiently degraded insoluble CA with higher DS.
The acetylxylan esterase gene encoded by the open reading frame TTE0866 (accession no. AAM24122) was amplified from the genomic DNA of C. subterraneus by PCR with primer pair forward (5 0 -CCTACAAAT-ACATCACTGAAGATAAATA-3 0 ) and reverse (5 0 -TTTTCTCGAGATCCCTCTTTTCTAAAAGTTCTG-3 0 , XhoI site underlined) and Phusion Hot Start DNA polymerase (Thermo Fisher Scientific, Waltham, MA).
The genomic DNA of C. subterraneus was obtained from the National Institute of Technology and Evaluation (NITE), Japan. The PCR product was purified and digested with XhoI. The DNA fragment was ligated to expression vector pET22b(þ) (Novagen, Darmstadt, Germany) digested with MscI and XhoI, resulting in pET22b(þ)-TTE0866. To construct the plasmid, the original putative signal sequence, MRFKSFAIILLV-SILVGSVAFA, was modified to the leader peptide (MKYLLPTAAAGLLLLAAQPAMA) of Erwinia carotovora pectate lyase B (PelB, AAA24848). Recombinant TTE0866 acetylxylan esterase was produced in E. coli Rosetta 2(DE3) (Novagen) cells harboring pET22b(þ)-TTE0866. After cultivation, the cells were harvested by centrifugation and then disrupted by sonication, and the supernatant was obtained by centrifugation. The recombinant protein was purified from the supernatant by chromatography on a HisÁBind Resin (Novagen) chelating column. The recombinant protein gave a single band on SDS-PAGE. The molecular mass of the enzyme was estimated to be 34 kDa by SDS-PAGE.
To determine the N-terminal amino acid sequence, the purified recombinant protein was analyzed with peptide sequencer PPSQ-21A (Shimadzu, Kyoto, Japan). The sequence for the protein was YKYI. This indicates that the recombinant protein was processed correctly at the cleavage site of the PelB signal sequence, and that mature TTE0866 acetylxylan esterase was generated.
CA esterase activity was assayed in a mixture containing 50 mM potassium phosphate buffer pH 8.0, 1.0% CA0.88 (DS, 0.88; water soluble). The reaction mixture was incubated at 60 C for 1 h, and then the acetic acid released was measured as described previously. 4) One unit of enzyme activity corresponded to the release of 1.0 mmol of acetic acid per min. The enzyme had a specific activity of 104 U/mg for CA0.88 at 60 C. This value was 3-fold greater than the specific activity of CA esterase from N. sicca 33.4 U/mg for CA0.88 at 30 C. The enzyme had a specific activity of 20.1 U/mg for p-nitrophenyl acetate. The effects of pH and temperature on enzyme activity were examined using CA0.88 as substrate. To determine the optimum pH of the enzyme, enzyme activity was measured in various 50 mM buffers. Potassium phosphate and borate buffers were used. The pH optimum of the enzyme was 8.0. To determine the pH stability of the enzyme, the remaining activity was measured under standard assay conditions after incubation of the enzyme in various 50 mM buffers for 24 h at 4 C. Potassium phosphate and borate buffers were used. The enzyme retained more than 80% activity from pH 6 to 10. The optimum temperature of the enzyme at pH 8.0 was 60 C (Fig. 1A) , higher than that of CA esterase from N. sicca SB, whose optimum temperature was 45 C. Incubated at various temperatures for 1 h, the enzyme retained 95% of its activity at up to 65 C (Fig. 1B) . The time course for the thermal stability of the enzyme was examined in 50 mM potassium phosphate buffer pH 8.0 (Fig. 1C) . The enzyme was stable below 60 C, but unstable above 70 C, with a half-life of 40 min at 70 C and one of 30 min at 75 C. It was more thermostable than CA esterase from N. sicca, which was stable below 35 C. C for 30 min with various reagents at a concentration of 1.0 mM, followed by the measurement of residual activity. The enzyme was completely inhibited by phenylmethylsulfonyl fluoride, but enzyme activity was not affected by thiol-group reagents or metalchelating reagents. These results suggest the presence of a serine residue in the active site, as for other serine esterases. 4) Enzyme activity toward various esters was tested in a buffer system containing 0.9% Triton X-100, which was used to solubilize the substrates ( Table 1 ). The TTE0866 acetylxylan esterase was active toward p-nitrophenyl esters of short-chain fatty acids such as p-nitrophenyl acetate and p-nitrophenyl propionate. Enzyme activity toward p-nitrophenyl esters was strongly influenced by the chain length of the acyl group. The rate of hydrolysis decreased as the chain length increased, especially for esters with more than C4 as the acyl chain length (p-nitrophenyl butyrate), the enzyme showed a very low rate. The enzyme showed little activity toward aliphatic acetyl esters, and was slightly active toward aromatic acetyl esters.
Substrate specificities toward acetyl saccharides were investigated. CA0.88 is soluble in water, but CA1.77 (DS, 1.77) and CA2.45 (DS, 2.45) are insoluble due to their hydrophobicity. The esterase activities decreased with increasing DS of CA. As for glucose pentaacetate, xylose tetraacetate, cellobiose octaacetate, and sucrose octaacetate, all of the hydroxyl groups of these compounds are acetylated. The enzyme showed high activity as to these compounds. It showed less activity toward N-acetylglucosamine. These results suggest that it is highly specific for O-acetyl groups of acetyl saccharides, but not N-acetyl groups.
Some extracellular thermophilic acetyl xylan esterases have been studied. Two acetyl xylan esterases from Thermoanaerobacterium sp. strain JW/SL-YS485, a thermophilic anaerobe, have been purified and characterized to seek enzymes with high degrees of activity and for hemicellulose degradation under thermophilic conditions. 11) Both acetyl xylan esterases from Thermoanaerobacterium sp. strain JW/SL-YS485 were thermostable. The temperature for the 1-h half-life of esterase I was about 75 C. For esterase II, the temperature for the 1-h half-life was about 100 C. Both esterases were more thermostable than the TTE0866 acetylxylan esterase, the temperature of which for the 1-h half-life was about 68 C. But acetyl xylan esterases from Thermoanaerobacterium sp. strain JW/SL-YS485 had no activity for CA, the DS for which was 1.5. TTE0866 acetylxylan esterase showed slight activities toward CA1.77 and CA2.45. TTE0866 acetylxylan esterase was more suitable for deacetylation of insoluble CA than acetyl xylan esterases from Thermoanaerobacterium sp. strain JW/SL-YS485.
The reaction rates of the enzyme were determined at 60 C at various concentrations of CA0.88. Its apparent K m and k cat were 0.0666% (2.94 mM as acetyl content in CA molecules) and 72.4 s À1 respectively. Degradation of insoluble CA by TTE0866 acetylxylan esterase and crude cellulase preparation from Aspergillus niger (HBI Enzymes, Osaka, Japan) were investigated in a mixture containing 50 mM potassium phosphate buffer pH 8.0 at 50 C by measurement of the acetic acid released and of the soluble sugars. 5) These enzymes were stable under that condition for more than 100 h. The crude cellulase preparation showed deacetylation activity toward CA0.88, at 0.2 U/mL in that condition. The crude cellulase preparation showed several enzyme activities. Endo-1,4--glucanase (EC 3.2.1.4) activity was 0.5 U/mg toward carboxymethyl cellulose as substrate. Exo-cellobiohydrolase (EC 3.2.1.91) activity was 0.01 U/mg toward p-nitrophenyl cellobioside. -Glucosidase (EC 3.2.1.21) activity was 0.001 U/mg toward p-nitrophenyl glucoside. In the case of the deacetylation of soluble CA0.88 as substrate, the esterase rapidly deacetylated: 80% of CA0.88 was deacetylated in 2 h, and 95% of CA0.88 was deacetylated in 4 h. Insoluble CA1.77 and CA2.45 were used as substrates, and were shaken during reaction. The deacetylation of CA1.77 by the esterase and the cellulase is shown in Fig. 2A . A small amount of acetic acid was released by the esterase alone. More acetic acid was released by a mixture of the esterase and the cellulase. The deacetylation of insoluble CA by the esterase was increased by the action of the cellulase. The increase in soluble sugars due to the hydrolysis of -1,4 linkages in the CA molecule is shown in Fig. 2C . A larger amount of soluble sugars was released by the mixture of the enzymes than by cellulase alone. These results indicate that the hydrolysis of -1,4 linkages in the CA molecule by the cellulase was increased by the action of the esterase, which deacetylates CA and creates a region that the cellulase can hydrolyze. When CA2.45 was used as substrate, a small amount of acetic acid was released by the esterase alone (Fig. 2B) . The deacetylation by treatment with the esterase and the cellulase was twice as great as that with the esterase alone. A small amount of soluble sugar was released by A, Enzyme activity was measured at various temperatures to determine the optimum temperature ( ). B, Remaining activity was measured under standard assay conditions after incubation at various temperatures for 60 min in 50 mM potassium phosphate buffer (pH 8.0) to determine the thermal stability ( ). C, The purified enzyme was incubated at 60 C ( ), 65 C ( ), 70 C ( ), and 75 C ( ). After incubation, the enzyme solution was immediately cooled on ice, and residual activity was measured by standard assay. the cellulase alone toward CA2.45 (Fig. 2D) , but the amount of soluble sugar was 2.5-fold increased when CA2.45 was treated with the esterase and cellulase. The mixture of enzymes catalyzed extensive degradation of CA2.45. The degradation products due to the mixture of the enzymes from CA1.77 and CA2.45 at 100 h were analyzed by TLC. The mixture of enzymes hydrolyzed CA1.77 and CA2.45 to yield monosaccharide (glucose) and disaccharide (cellobiose) as major products. These results indicate that insoluble CA was converted to acetic acid and soluble sugars such as glucose and cellobiose by TTE0866 acetylxylan esterase and the crude cellulase preparation by synergistic action.
We have reported on enzymatic degradation of insoluble CA, and have suggested that the synergistic degradation of insoluble CA by CA esterase and EG I, 5) but no degradation of CA2.45 was observed by a mixture of CA esterase and EG I from N. sicca at 30 C. The rate of biodegradation of CA depends highly on the DS of CA. This appeared to depend on properties of CA such as solubility in water, hydrophobicity, rigidity, and crystallinity. We assumed that higher temperatures are effective for the degradation reaction of CA with higher DS.
In this study, we investigated thermostable TTE0866 acetylxylan esterase and CA2.45 degradation by a mixture of a thermostable esterase and the cellulase at 50 C. This is the first report on enzymatic degradation of CA with higher DS by synergistic reactions of thermostable esterase and cellulase. In future studies, we intend to search for thermostable cellulase to use in the degradation of insoluble CA with higher DS at higher temperatures.
The thermal stability of TTE0866 acetylxylan esterase renders this enzyme particularly well suited for applications in biotechnology, where robust, long-lasting biocatalysts are needed. For example, our thermostable esterase might be used in the degradation of waste CA, and the products to be utilized as resources such as raw materials for fermentation and in the production of glucose and cellobiose derivatives. The thermostable esterase also might be used in lignocellulose degradation processes and in the reverse reaction for acetylation of saccharides, like other thermostable acetylxylan esterases. 12) 
